T HE CLINICAL effects of coronary arteriosclerosis, in the form of angina pectoris, myocardial infarction and congestive failure, constitute a large portion of the serious cardiac disabilities that the physician constantly faces. Studies of atherosclerosis may, at some future date, lead to the prevention of these lesions. In the meantime, it has become clear that narrowing or even occlusion of the coronary arteries, under certain circumstances, does not always produce clinical symptoms or myocardial damage.' This apparent inconsistency between the presence of long-standing obstructive lesions and the absence of pathologic or clinical evidence of myocardial damage has been dispelled by the demonstration in man of larger than normal interarterial coronary anastomoses.2 These anastomoses serve as bypasses or detours whereby blood reaches vessels distal to occlusions. These observations have been confirmed in the experimental animal.3 Other collateral channels, such as extracardiac anastomoses4-31 and communications of the thebesian type4 -6 9, 18, 21, 29 between the cavities of the heart and coronary arteries, capillaries or veins, have not appeared to be significant in the maintenance of adequate coronary blood florw.
Any regimen that would produce interarterial anastomoses so that the coronary arteries were no longer functionally end-arteries would mitigate the clinical manifestations of coronary artery disease. Knowledge of the factors influencing the development of interarterial coronary anastomoses, therefore, would be of great practical value.
This paper presents the results of a study of coronary interarterial anastomoses in a series of 1271 human hearts examined by a uniform technic of injection and dissection. This unique body of data has provided a better understanding of the role of interarterial corollary anastomoses in normal and diseased states: insight into the basic mechanism of their production correction of about 50 to 100 per cent for shrinkage from the fresh unfixed state. The actual diameter of injected vessels is less important than their nature (i.e., arteriole, capillary or venule): with this method the leadagar mass did not enter the capillary bed and did not appear in the venous system.
The level of penetration of injected material probably depends on many other physical properties in addition to the size of the particles. Although most of the individual particles of lead phosphate in the lead phosphate-agar mass measured about one micron in size and exhibited brownian movement in aqueous suspension, a suspension of them did not penetrate vessels many times larger. Differences in extent of penetration of the mass in different hearts, from "stumpy" injection of only the larger arterioles to very "fine" injections with filling of smallest arterioles could be produced by purposeful variations in technic.
Our earlier studies2' 109, 123 on smaller numbers of hearts injected by this technic revealed interarterial coronary anastomoses in 10 to 22 per cent of human hearts that were otherwise normal at autopsy. The occurrence of anastomoses was found to be unrelated to age and sex, but it was definitely increased in the presence of valvular disease and coronary artery narrowing. Anastomoses were always found in hearts with old complete coronary artery occlusions. These observations have been confirmed by other workers."'1 117, 117 METHOD AND MATERIAL An autopsy series of 1271 unselected human hearts has been studied at the Beth Israel Hospital, Boston, by a uniform injection plus dissection technic,'09
Briefly this method consisted of the following steps:
(1) Injecting radiopaque lead-agar mass of different colors into the main coronary arteries at a pressure of 150 to 200 mm. Hg.
(2) Unrolling the heart so that the coronar'y arterial tree lay in one plane.
(3) Taking a roentgenogram of the unrolled heart. (4) Carefully dissecting and opening the coronary arteries, using the roentgenogram as a guide.
With this method the demonstration of narrowings, occlusions and anastomoses in the coronary arteries was greatly facilitated. The technic of unrolling the heart reduced the difficulty in following the three-dimensional course of the vessels on a two-dimensional film.
Criteria were established for the determination of anastomotic communications. It was found that the roentgenograms alone could not be relied upon to prove the existence of such communications. Overlapping vessels, like the bare branches of adjacent trees,5' often deceptively gave the appearance of intercommunications. Conversely, anastomoses could be clearly demonstrated on careful dissection which were not visible on the roentgenogram. On the basis of careful dissection three types of proof of anastomoses were accepted: (1) demonstration of a continuous, stained, endothelial-lined connecting channel filled with mass between two coronary arteries; (2) presence of injection mass of any color distal to a complete occlusion and (3) visualization of a mixture of color in the injection mass.
( heart. Anastomoses were demonstrated in the coronary arteries directly distal to all but 13 of these 349 sites of old occlusion (96 per cent). Even when the instances of old occlusions found in hearts with both recent and old occlusions were added, the incidence of anastomoses directly distal to old occlusions remained high at 91 per cent (table 4) .
The special means of demonstrating anastomoses in hearts with coronary artery occlusions by finding injection mass of the same color on both sides of an occlusion was the sole evidence of anastomoses in only 12 (8 per cent) of these 154 hearts. It was, therefore, not a significant factor in the high incidence of anastomoses in 
even with a normal total heart weight. All these patients had suffered from severe, chronic pulmonary disease. In these 15 hearts the right ventricle measured 5 mm. or more in thickness or was greatly enlarged and dilated. The roentgenogram of the unrolled heart showed clearly the relative size and density of the soft tissue shadows of the right and left ventricles. In this way it provided valuable confirmatory data to the observations made at the autopsy table concerning right ventricular hypertrophy.
Effect of Cor Pulmonale. Anastomos3s were present in 11 (73 per cent) of these 15 hearts sample of the entire group of injected hearts. Nevertheless, certain broad relations between anastomoses and histopathologic changes in the myocardium could be determined. M\icro-scopic abnormalities noted included myocardial degeneration, necrosis, inflammation and fibrosis Although these lesions varied considerably, qualitatively and quantitatively, in different hearts, they were grouped together and are presented in summary form here insofar as they are pertinent to the problem of coronary artery anastomoses.
As might be expected, few of the grossly normal hearts without hypertrophy, valvular or coronary disease showed histopathologic abnormalities. Nevertheless, like anastomosis, histopathology was significantly more frequent in the anemic hearts than in the nonanemic hearts of this group. In general, a parallel increasing association was found between hypertrophy, valvular and coronary lesions and the presence of histopathology and anastomosis.
Of 319 hearts with histopathology, however, interarterial anastomoses were absent in 98. Conversely, it was of particular interest to find seven hearts without any microscopic myocardial pathology among the 114 with one or more complete old occlusions in which multiple microscopic sections were studied. In each of these instances there were found well-developed, extensive interarterial coronary anastomoses which may have protected the myocardium from the effects of arterial occlusion. In such a study it would be necessary to know the age and rate of development of the recent occlusion and how much narrowing was present in the vessel before the recent occlusion occurred. Gross observations are too crude to establish these facts. Numerous microscopic sections, preferably serial sections, through each zone of recent occlusion would provide such reliable information, but they were not available in the present series of hearts.
An attempt was made to fix the time of the terminal fresh coronary artery occlusion from the clinical record. As might be expected, however, it was unsuccessful because correlations between maj or episodes of cardiac pain and coronary artery occlusion are unreliable. Such episodes of pain, even associated with myocardial infarction, may occur without concomitant fresh occlusion in the coronary artery tree and fresh coronary artery occlusions, furthermore, may occur without clinical manifestations?136
In this series clearly defined, well-timed clinical episodes appeared in only 73 of the 121 patients dying with recent coronary artery occlusions. Furthermore, most of the 73 also had multiple, prolonged attacks of cardiac pain. Consequently, we were not able in this study to determine the rate of development of coronary interarterial anastomoses in man. DISCUSSION A definite, statistically significant relationship has been found between a number of factors and the development of human intercoronary arterial anastomoses. In the absence of these stimulating factors less than 10 per cent of human hearts presented anastomoses. It is also suggested that the incidence of anastomoses in the normal human heart would be still lower if all etiologic factors were known. Thus it is becoming more firmly established that, functionally at least, the coronary arteries in the human heart are end-arteries. It is also clear that' under a variety of stimuli the flexible coronary arterial system readily develops a functioning internal anastomotic collateral circulation to compensate for a relative insufficiency of blood. Relative insufficiency may originate in the blood itself (aneemia), in the aeration of the blood (pulmonary disease), in the myocardium (hypertrophy), in the endocardium (valvular disease) or in the coronary arteries themselves (coronary atherosclerosis).
The previous observation that marked narrowing and complete occlusion of the coronary arteries are most important factors in the production of interarterial coronary anastomoses has been firmly established. Their effectiveness is seen in the high incidence of anastomoses and in the frequency of large, grossly dissectible interarterial pathways under these conditions, as well as the great frequency of marked coronary artery disease in hearts with anastomoses. Slight or moderate coronary artery narrowing is much less effective. The experimental production of intercoronary anastomoses following narrowing and occlusion of the coronary arteries by surgical ligation in pigs and dogs' 125 led to similar conclusions concerning these factors. Furthermore, the functional significance of such intercoronary anastomoses was demonstrated experimentally in the prevention of death and the reduction of myocardial damage following complete coronary occlusion.
The detailed histopathologic studies of human hearts with marked narrowing and complete occlusion of the coronary arteries indicate the similar functional importance of such anastomoses in the human heart. The increasing frequency of hearts with myocardial damage with increasing degrees of coronary artery obstruction was anticipated. The Besides marked coroniary artery disease, the factors of hypertrophy and of anemia have each been demonstrated to be associated individually with an increased incidence of intercoronary anastomoses. The addition of cardiac hypertrophy or anemia to other factors did not materially affect the incidence of anastomoses. The absence of a summative effect of several factors was unexpected. It is possible that some underlying fundamental mechanism such as cardiac anoxia is common to all the factors concerned. This mechanism may be activated by any single factor, but is not activated to a greater degree or does not produce a greater effect when stimulated by several factors in combination. Because of the small numbers of hearts available in the various subgroups, a small additive effect might not have been statistically apparent in the present analysis. Furthermore, in any statistical analysis based on the "null hypothesis," failure to demonstrate "significant" differences does not prove their absence." 37 The In like manner, the increased intercoronary arterial anastomoses found in cor pulmonale due to pulmonary disease may result from right ventricular hypertrophy or cardiac anoxia secondary to pulmonary insufficiency. These two mechanisms may also be involved in the six "normal" hearts with coronary artery anastomoses but without cardiac hypertrophy which came from patients with marked pulmonary disease, but without anemia. If the mechanisms were more clearly established by which primary pulmonary disease stimulated the development of coronary artery anastomoses, the number of "normal" hearts with unaccountable anastomoses could be reduced to three instead of nine in the series of 1050 hearts. Furthermore, the finding of unexplained myocardial histopathology in a few grossly normal hearts from patients without anemia suggests that the etiologic factors herein considered for the development of coronary artery anastomoses are not complete or definitive.
That anemia might stimulate the development of interarterial coronary anastomoses in otherwise normal hearts might have been anticipated. In 1944, Amadeol"1 suggested that the infrequency of clinical coronary disease among the poor rural population of Puerto Rico resulted from the effect of chronic anemia upon the development of collateral anastomotic vessels of the coronary arterial system. In four hearts from patients with anemia, Scott'39 found a marked increase in interarterial coronary anastomoses, as demonstrated by injection of the coronary arteries with a barium sulfate suspension in liquid latex."21 In a study of the coronary arteries by Dock'sll method of perfusion with kerosene, we also found that the rates of flow were greatly increased in four hearts from patients with anemia. '40 In the present series the incidence of interarterial coronary anastomoses in "normal human hearts" was reduced from 22 per cent to 9 per cent when the patients with anemia were eliminated from the group of grossly normal hearts. In comparison with this low figure, the incidence of anastomoses in other groups of hearts assumed statistical significance.
Insight into the basic mechanism stimulating intercoronary anastomoses is afforded by the demonstration of the roles of anemia and of cor pulmonale. Relative reduction in oxygen supply to the heart (anoxia) is obviously common to these two conditions. Anoxia is associated also with all the other factors related to increased anastomoses. Accumulation of metabolites, lack of substances other than oxygen or mechanical factors such as differential pressure gradients in different parts of the coronary system consequent to anoxia, may be other mechanisms that are effective in stimulating anastomoses.
The precise site at which the anoxia is the critical stimulus for the development of anastomoses is also a matter of speculation. It may be in the coronary vessels themselves. The relative insufficiency of oxygen results either from reduced blood flow in the presence of coronary artery narrowing and occlusion or from increased demand for blood by the myocardium in cardiac hypertrophy and valvular disease. In anemia and cor pulmonale there may be no reduction in the relative volume of blood flow through the coronary arteries, but there is a reduction in the oxygen content of the blood, resulting from diminished hemoglobin and oxygen capacity in anemia and from diminished oxygen saturation in cor pulmonale.
Intercoronary arterial anastomoses have been found in some instances without myocardial histopathologic changes. Cardiac anoxia of various origins may thus stimulate interarterial coronary anastomoses without necessarily progressing to the stage of irreversible tissue damage. The reverse observations of hearts with myocardial damage but without anastomoses were also made in all categories. Many conditions may thus damage heart muscle irreversibly without necessarily stimulating the development of anastomoses. Nevertheless, in the control group of hearts with no intrinsic gross pathology, myocardial damage was infrequent in comparison with the histopathology found in hearts with hypertrophy, valvular disease and coronary artery disease. These normal microscopic findings add validity to the criteria that were used for the selection of the "normal, control group."
In this control group there were positive correlations between myocardial damage, anemia and anastomosis. Deleterious effects of anemia on heart muscle have been reported by others."4' Our observations indicate that anemia per se may or may not produce some myocardial damage and that this potentiality is intimately related to its capacity to stimulate anastomoses.
Anemia differs from most of the other conditions associated with the development of intercoronary anastomoses in that it may be transient and can be voluntarily produced and controlled in man and in laboratory animals. Any desired level of anemia may be reached and maintained by repeated venesections at appropriate intervals. Furthermore, a critical degree of anemia may be found which will stimulate the development of anastomoses and yet will not result in significant myocardial lesions. Anemia might therefore be used as a readily controllable investigative tool in studies pertaining to intercoronary arterial anastomoses.
The data available in the present study do not indicate clearly the duration and severity of the anemia that is necessary to stimulate anastomoses. Anemia of less than six days' duration appears to be without such effect and marked degrees of anemia seem no more effective than moderate anemia. The question also remains unanswered whether the newly developed interarterial coronary anastomoses are permanent or whether they disappear if the stimulus provoking them is withdrawn. Amadeol'38 came to similar conclusions about the degree of aniemia. He also assumed that initercoronary aniastomoses produced during the period of ineoniatal aniemia persist throughout life.
Anemia may conceivably have some therapeutic application in the treatment of coronary artery disease. The presence of anemia for six months before death in five of the seven patients whose heart muscle w as entirely normal histologically despite old complete coronary artery occlusions suggests that pre-existing anastomoses produced by the anemia may have helped protect the muscle completely against the effects of the severe coronary artery disease.
The old occlusions in these patients did not produce clinical manifestations, however, so that their temporal relation with the anemia could not be determined. It would theoretically be desirable to produce intercoronary anastomoses before the onset of coronary artery narrowing or occlusion; coronary atherosclerosis would be much less disastrous if the coronary arteries were not originally functional endarteries. The possibly favorable effects of anemia on the coronary circulation in experimental animals are now under investigation in this laboratory.
It is a plausible assumption that the condition (anoxia) which stimulates the formation of coronary artery anastomoses also produces the microscopic myocar(lial abnormalities that are frequently found in the same hearts. On this basis, in terarterial corol1ary aiiastomosis may also be regarde(l as an organic abnormality, especially since it is so infrequent in normal hearts. The functional and organic abnormalities of anemia, chronic pulmonary disease, cardiac hypertrophy, valvular heart disease and coronary artery disease then may be regarded as etiologic factors in the genesis of physiologic states of relative myocardial anoxia, and thereby, of the two anatomic abnormalities of anastomoses and myocardial histopathology.
The latter two abnormalities tend to appear together inl the same heart but are not necessarily directly interrelated. The development of the organic abiiormality of coronary artery anastomosis is a compensatory response to these etiologic conditions. In some instances it is sufficiently protective to forestall or diminish the development of the less desirable organic abnormality of myocardial damage. These assumptions are supported by our data not only inl the large group with coronary artery disease where they might be considered axiomatic, but in every category discussed above.
CONCLUSIONS
In a series of 1050 human hearts studied by a method of injection plus dissection of the coronary arteries, increased initerarterial coronary anastomoses were found in coronary heart disease, cor pulmonale, antemortem aniemia, cardiac hypertrophy andlvalvular heart disease.
In 
